ABSTRACT: This study evaluates the effect of dietary selenium (Se) supplementation source (organic, Se-enriched yeast; SY vs. inorganic, sodium selenite; SS), dose (0.2: L vs. 0.4: H mg/kg) and the combination of Se and vitamin E (VITE+SS) for 26 days on drip loss, TBARS, colour changes, myofibrillar protein pattern and proteolysis in pork. The lowest water losses were observed in the SY-H group when compared to the others. SY-H and VITE+SS groups presented lower myofibrillar protein hydrolysis/oxidation. VITE+SS supplementation also resulted in higher PRO, TRP and PHE content at days 2 and 7, whereas the SY group showed increased GLY and CAR and tended to have higher TAU and ANS at day 2. The myofibrillar fragmentation index was not modified by the dietary treatment; however, at day 8, it tended to be higher in groups supplemented with SeY and VITE+SS. The results of the present study might indicate a possible relation between muscle proteolysis and water loss.
INTRODUCTION
Pork quality depends on important attributes such as water-holding capacity, colour and oxidative stability, which are decisive in terms of suitability for processing and storage. Unacceptable colour, water retention or stability of the fresh product are mainly important for their influence on consumer behaviour, but can also cause high economic losses in the processing industry.
Feeding strategies are widely used in animals to improve meat quality (Andersen, Oksbjerg, Young & Therkildsen, 2005) . Many interventions have focused on dietary supplementation with antioxidants such as selenium (Se) and/or vitamin E. Hence, vitamin E fed above dietary requirements has been reported to protect against lipid oxidation (Buckley, Morrissey & Gray, 1995) and to successfully improve the colour stability of fresh meat (Faustman & Wang, 2000) and other meat quality characteristics such as water-holding capacity (Ashgar et al., 1991) . This reduction in meat drip losses has been attributed to the antioxidant activity of vitamin E, which may stabilise membrane integrity post-mortem, thus retaining sarcoplasmic protein in cells (Ashgar et al., 1991) .
Dietary Se supplementation has also been reported to have antioxidant activities and to be effective in delaying post-mortem oxidation reactions, especially the organic form (Mahan et al., 2014) . It has been suggested that organic selenium is more effective because it reaches tissues more efficiently (Mahan, Cline & Richert, 1999; Jang et al., 2010; Mahan et al., 2014) and consequently pork shows improved water-holding capacity and colour (Mahan et al., 1999; Zhan, Wang, Zhao, Li & -6 -from the longissimus lumborum muscle at the level of the last rib and were stored in individual, vacuum-packed plastic bags at -20°C until analysis.
Laboratory Analysis

Moisture Determination in Muscle Samples (Standard ISO-1442).
Muscle samples (5 g) were maintained in a dry heater at 100-105°C until constant weight.
Humidity was determined gravimetrically at day 0 and after 8 days of refrigerated storage.
Drip Loss in Muscle Samples.
To determine weight loss during storage, approximately 1 cm 3 of sample (weighing approximately 10 g) was taken from the longissimus lumborum muscle. After cutting, samples were weighed, put inside of a mesh and a plastic bag that was closed and placed under refrigerated conditions at 4°C in a saturated atmosphere. Samples were weighed again after 72 hours of storage.
The difference between initial and final weights was used to calculate drip loss, which was expressed as a percentage of the initial weight (Honikel, 1997) . Frozen samples were previously thawed before following the same procedure as described above.
Weight loss was also gravimetrically quantified by sequenced weights of 2 cm 3 samples at 20,
-7 -All samples were analysed in duplicate. The α-tocopherol concentration in muscle was assessed on days 0 and 8 of refrigerated storage at 4°C.
TBARS Analysis of Muscle Samples.
The susceptibility of muscle homogenates to lipid oxidation induced by iron-ascorbate was determined by a modification of the method described by Kornburst & Mavis (1980) . Muscle homogenates in 1.15% KCl (0.1 g/ml) were incubated at 37°C in 40 nM Tris-maleate buffer (pH 7.4) with 1 mM FeSO 4 and 2 mM ascorbic acid in a total volume of 10 ml. At fixed time intervals (0, 30, 60, 90 and 120 minutes), aliquots were removed for measurement of TBARS. Absorbance was measured at 532 nm. TBARS were expressed as mM malondialdehyde (MDA)/ g sample.
Glutathione Quantification
Reduced glutathione (GSH) and oxidised glutathione (GSSH) were quantified spectrophotometrically at 405 nm in deproteinised muscle using the corresponding diagnostic colourimetric kit (Arbor assays, USA). The concentration of oxidised glutathione was determined from the 2-vinylpyridine-treated samples read off 2-vinylpyridine-treated standard curve. Free glutathione (GSH) concentrations were obtained by subtracting the oxidised glutathione (GSSH) levels obtained from the 2-vinylpyridine-treated standard from non-treated standards and samples (total GSH). The concentrations obtained were expressed as M of glutathione.
deoxymyoglobin and metmyoglobin (610 nm/525nm); deoxymyoglobin by the isobestic wavelengths of oxymyoglobin and metmyoglobin (as the ratio of measurement at 474 nm/525 nm) and metmyoglobin by the isobestic wavelengths of deoxymyoglobin and oxymyoglobin (572 nm/ 525 nm) (Tang, Faustman, & Hoagland, 2004) . Colour measurement and pigment concentrations in muscle
were assessed on days 0, 4 and 8 of refrigerated storage at 4°C.
Separation of Myofibrillar Proteins by SDS-PAGE
Extraction of sarcoplasmic and myofibrillar proteins was performed as described by Molina and Toldrá (1992) . Meat samples were homogenised with 30 mM phosphate buffer, pH 7.4 (dilution 1:10, w/v), using a masticator (IUL Instruments, Barcelona, Spain) for 4 min. After centrifugation at 10,000g for 20 min at 4°C, the supernatant containing the sarcoplasmic proteins was passed through glass wool and collected. The procedure was repeated twice in order to wash the pellet that was then resuspended in 9 vol of 100 mM phosphate buffer, pH 7.4, containing 0.7 M potassium iodide. The mixture was homogenised in the masticator for 8 min and then centrifuged at 10,000g for 20 min at 4°C. The supernatant was collected for analysis of myofibrillar proteins. The protein concentration of both supernatants containing sarcoplasmic and myofibrillar proteins was calculated by using bicinchoninic acid (Sigma Aldrich) as reagent and bovine serum albumin as standard.
Proteins were separated by 10% SDS-PAGE as described by Toldrá, Miralles and Flores (1992) . The sarcoplasmic and myofibrillar extracts were mixed in a ratio of 1:1 with 50 mM Tris buffer, pH 6.8, containing 8 M urea, 2 M thiourea, 75 mM dithiothreitol, 3% (w/v) SDS and 0.05% bromophenol blue, heated at 100°C for 4 min and immediately chilled in ice and used for electrophoresis. The amount of protein injected into the gels was 12 µg per lane. Once proteins had been separated, gels were stained with coomassie brilliant blue R-250 (Laemmli, 1970) . Standard proteins (Bio-Rad Laboratories, Inc., CA, USA) were run simultaneously for molecular mass identification. Stained bands in each gel were relatively quantified by densitometry, using the ImageJ Program (http://rsbweb.nih.gov/ij/).
Determination of Free Amino Acids
Free amino acids were determined following the procedure described by Aristoy and Toldrá (1991) . Meat samples (longissimus lumborum muscle) were cut and minced, and 5 g was homogenised with 0.01 M HCl 1:5 (w/v) in a masticator (IUL Instruments) for 8 min at 4°C. After centrifugation at 10,000×g for 20 min at 4°C, the supernatant was filtered through glass wool and stored at −20°C until required. Once samples had thawed, 250 μL plus 50 μL of an internal standard solution (1 mM norleucine in 0.01 M HCl) was deproteinised using 2.5 volumes of acetonitrile and then centrifuged at 10,000×g for 5 min. Amino acid derivatisation was carried out with phenyl isothiocyanate (PITC) according to Bidlingmeyer, Cohen, Tarvin & Frost (1987 and Toldrá (2012) . Separated amino acids were detected at 254 nm.
Myofibrillar Fragmentation Index (MFI)
The myofibrillar fragmentation index was performed in duplicate as described by Culler et al. (1978) . Forty ml cold MFI buffer (100 mM KCl, 20 mM potassium phosphate at pH 7, 1 mM MgCl 2 and 1 mM NaN 3 in distilled deionised water) was added to a blender containing the sample (4 g) and homogenised for 30 s. The homogenate was then centrifuged at 1000 x g for 15 min at 2°C and afterwards the supernatant was discarded. The pellet was resuspended in 40 ml cold MFI buffer and centrifuged at 1000 x g for 15 min. The pellet was again resuspended in 10 ml cold MFI buffer and vortexed until well mixed. Finally, the sample was poured through a polyethylene strainer to remove the connective tissue and the centrifuge tube was rinsed with an additional 10 ml cold MFI buffer. The protein content in each suspension was also measured by Biuret reaction. The extract (0.25 ml) was -10 -mixed with 0.75 ml of MFI buffer and 4 ml of Biuret reagent (Sigma Aldrich, Alcobendas, Madrid).
The mixture was vortexed and placed in the dark for 30 min. Bovine serum albumin (BSA) (Sigma Aldrich) was used as standard at concentrations of 0, 2.5, 5, 7.5 and 10 mg/ml. Once that the sample protein was determined, the amount of solution taken for MFI measurement contained approximately 0.5 mg protein / ml solution. MFI was measured spectrophotometrically using a Thermo Scientific
Multiskan GO (Thermo Fisher, Alcobendas, Madrid) UV/VIS spectrophotometer at 540 nm, and it was expressed as absorbance of a myofibrillar protein solution (concentration 0.5 mg/ml) multiplied by 200.
Statistical Analysis
The experimental unit for analysis of all data was the yard. Data were analysed following a completely randomised design using the general linear model (GLM) procedure contained in SAS (version 9; SAS Inst. Inc., Cary, NC). A comparative analysis between means was conducted using the together with significance levels (P value). Differences between means were considered statistically significant at P < 0.05.
RESULTS AND DISCUSSION
Carcass Characteristics
Carcass characteristics are presented in (Pinto et al., 2012) . The lack of effect observed in groups SS-L, SS-H and SY-L in the present study may have been due to an insufficient dose or administration time for observing these effects, and SY-H and vitamin E+Se were the most effective treatments to reduce fat percentage.
Electrical Conductivity, pH, Drip Loss and Meat Composition
The electrical conductivity (EC), pH and drip loss of muscle samples were unaffected by either selenium source or dietary vitamin E supplementation (Table 2 and when compared to the control group. According to the results of the present study, vitamin E plus a low dose of SS seems to have a more limited effect as regards reducing water loss in muscle samples when compared to organic Se at higher doses. Several authors have found that high levels of vitamin E reduce the amount of drip loss in pork (Ashgar et al., 1991; Cheah, Cheah & Krausgrill, 1995) in samples from pigs carrying the halothane gene (Cheah et al., 1995) or in pigs of unknown halothane status. These effects have been attributed to the antioxidant capacity of vitamin E, which protects membrane integrity and thus reduces water loss (Ashgar et al., 1991) . Conversely, other studies have shown no effect or contradictory results (Dirinck, Winne, Casteels & Frigg, 1996; Jensen et al., 1997) .
Moreover, other authors have reported no beneficial effect on meat quality when using a combination of dietary vitamin E (60 mg/kg) and Se at low doses (0.2 mg) (Kawecka, Jacyno, Matysiak, KolodziejSkalska & Pietruszka, 2013).
Tocopherol Accumulation
The vitamin E concentration as affected by dietary treatment is presented in Table 3 . As expected, muscle α-tocopherol content was affected by dietary α-tocopheryl acetate concentration, and groups supplemented with 100 mg/kg thus showed a higher concentration in meat samples (P=0.0001) than the other groups. Vitamin E was also affected by sample storage time, with all experimental groups showing a decrease. This is because vitamin E plays an important role in lipid antioxidant defence in the cell membrane (Buckley et al., 1995) . Moreover, it is interesting to observe that control samples presented the lowest content of vitamin E, even though these had been supplemented with the same vitamin E dose as the Se-supplemented groups; however, differences between these groups were not statistically significant.
Lipid Oxidation and Antioxidant Status
To evaluate the oxidative stability of pork according to selenium source or dose when compared to a control or a vitamin E+SS-supplemented group, ferrous-induced oxidation was measured in muscle samples ( in animals fed a selenium-enriched diet when compared to control group. In addition, MDA production in the vitamin E+SS group was also reduced by 34% when compared to Se-supplemented pigs (P<0.005). α-Tocopherol which is mainly located in muscle membrane (Buckley et al., 1995) has been reported to be an effective antioxidant, capturing free radicals and other reactive substances (Dirinck, De Winne, Casyteels & Frigg, 1996) . Selenium is also recognised as an essential trace element that plays an important role in antioxidant defences as a component of Se-dependent glutathione peroxidase (GSH-Px). This enzyme protects cells against damage caused by free radicals and lipoperoxides (Finkel & Holbrook, 2000) . The effect of both compounds has also been studied and a synergistic action has been reported between vitamin E and Se to protect the cell (Saito, Yoshida, (2012) compared vitamin E (125 and 250 mg/kg) and Se (0.5 and 1 mg/kg) supplementation both separately and in combination (125 mg vitamin E/kg and 0.5 mg Se /kg), and found a higher reduction in MDA production in broilers fed with both compounds when compared to the control. However, they did not find differences between vitamin E or selenium when supplemented separately. Ebeid, Zeweil, Basyony, Dosoky & Badry (2013) also reported a similar antioxidant effect of organic selenium (0.3 mg /kg) and vitamin E (250 mg/kg) in rabbits, and the combination of both was the most effective treatment to reduce TBARS. In contrast, other authors have not found any positive effect of organic Se at low doses (0.3 mg/kg) on the oxidative stability of pork muscle (Krska et al., 2001 ).
In the present research, no differences were detected in TBARS production according to Se To confirm these results, antioxidant status was measured as the oxidised to reduced glutathione rate (GSSH/GSH). Glutathione reductase (GR) plays an important role in maintaining redox homeostasis by reducing GSSH (oxidised GSH) to GSH, and the increased GR activity produces more GSH under oxidative stress (Grant, Collisnson, Roe & Dawes, 1996) . As observed before in TBARS content, meat from pigs supplemented with vitamin E+SS presented the lowest GSSH content (P=0.027) and the lowest GSSH/GSH ratio (P=0.054). Li et al. (2011) found a high correlation coefficient for TBARS content and glutathione peroxidase (GPX) activity. The results of the present study confirm that the vitamin E+SS group had the highest antioxidant capacity and that the different Se doses and sources had no effect on antioxidant capacity. Li et al. (2011) attributed the improvement in meat oxidative stability induced by Se to the protective effect of GPX against oxidative damage. In a proposed hierarchy of selenium usage, GSH-Px is one of the first needs to be satisfied (Hohe & Brigelius-Flohe, 2002) . Mahan and Parret (1996) reported that although Se deposition in pig tissue was higher when the organic form of Se was fed, sodium selenite was more effective in attaining maximum GPX activity, particularly after feeding a diet with a low Se content over an extended period. Moreover, despite differences in GPX activity in organic selenium- 
Colour and Pigment Stability of Muscle
Colour changes, measured as L* (lightness), a* (red colour), b* (yellow-green colour), chroma (colour intensity or saturation) and hue (tone) after 1, 4 and 8 days of refrigerated storage, are presented in Table 4 . The main changes in colour were observed in the group supplemented with vitamin E+SS, which showed higher a* (P=0.032), b* (P=0.048) and colour intensity (P=0.037), whereas colour tone was lower (P=0.044) at day 4 of storage when compared to the other groups.
Hence, the use of both compounds (vitamin E+SS) yielded meat samples with 25% higher redness and 8% more colour intensity than the use of organic or inorganic Se at high or low dose without vitamin E supplementation. The positive effects of dietary vitamin E have previously been reported by others -15 - (Faustman et al., 1996; Monahan, Buckley, Morrissey, Lynch & Gray, 1992) . Monahan et al. (1992) found higher redness in pork chops from animals fed a vitamin E-enriched diet when compared to a control. Furthermore, the combination of vitamin E and Se has also yielded colour improvements (Krska et al., 2001 ). However, neither Se source nor dose were observed to exert an effect in the present study, which is consistent with the results found for the TBARS numbers and may possibly be The concentration of myoglobin was also quantified because it is the main heme protein responsible for meat colour (Table 5) . As explained before, the main effect observed on meat pigments was found when pigs were supplemented with vitamin E at 100 mg/kg and low doses of inorganic Se.
Thus, pigs from the vitamin E+SS group presented higher DeoxyMb (P=0.04) and OxyMb (0.04) at day 4 and a lower MetMb to DeoxyMb ratio (P=0.04) when compared with the other groups. The vitamin E+SS group also showed higher DeoxyMb (P=0.02) and OxyMb (P=0.025) at day 4 and DeoxyMb at day 8 (P=0.05) when compared with those groups supplemented with Se. These results are consistent with those observed for colour parameters and TBARS numbers. Furthermore, a Se source effect was observed whereby pigs fed SY had a lower MetMb to DeoxyMb ratio (P=0.03) than those supplemented with SS.
Myofibrillar Proteins and Free Amino Acids
The myofibrillar protein pattern is presented in Figure 1 . is also of interest to observe that essential amino acids were higher in the group supplemented with VITE+SS when compared with the others. Hence, PRO (P=0.0001), TRP (P=0.0063), and PHE (P=0.0062) at day 2 and day 7 (P= 0.0001; P=0.0001 and P=0.0004, respectively) were higher in meat from pigs supplemented with the VITE+SS-enriched diet when compared with the other groups. These free amino acid contents (PRO, PHE, and TRP) were also lower in Se-enriched groups when compared with the group supplemented with VITE+SS, and no effects of the Se source or dose were found, which would indicate that the increase in the concentration of these essential amino acids was mainly due to vitamin E supplementation. This phenomenon has not been observed before. Taking into account the higher antioxidant power of the VITE+SS supplement found in the present study for MDA production, colour changes and myofibrillar protein, this result might be explained by a higher protective effect of vitamin E against protein and amino acid oxidation (Mercier, Gatellier & Renerre, 2004 ). This protective effect of vitamin E would also maintain calpain activation post-mortem, which would increase proteolysis of filament proteins in meat.
The Se source also affected the free amino acid content of meat. Meat from pigs supplemented with organic Se had higher content of glycine (GLY) and carnosine (CAR) at day 2 and also tended to have higher taurine (TAU) (P=0.098) and anserine (ANS) (P=0.051) at day 2 and alanine (ALA) (P=0.078) at day 7 when compared with the inorganic form. The dose effect was only observed in ALA content, which increased with the Se supplementation dose (P=0.036). Moreover, dietary Se supplementation resulted in higher SER (P=0.027 and P=0.026 at days 2 and 7, respectively), ANS (P=0.0005 and P=0.012 at days 2 and 7, respectively) and CAR (P=0.016 at day 2) when compared to vitamin E supplementation. As indicated before, no previous information exists on the effect of Se source or dose on muscle proteolysis. Carnosine is an important natural water-soluble muscle dipeptide that can contribute to the inactivation of lipid oxidation catalysts and free radicals in the However, given that these proteins are substrates of calpains, which are directly involved in regulating proteolysis, and that it has been reported that calpain expression is reduced by vitamin E supplementation (Servais et al., 2007), higher drip loss would be expected in pigs that received a vitamin E-enriched diet. Conversely, it has also been reported that protein oxidation may reduce the functionality of calpains; thus, vitamin E might also protect muscle enzymes. This possible double effect described for vitamin E in inhibiting calpain oxidation and expression could be responsible for the intermediate effects observed for water loss in the present study. The possible effect of higher freeessential amino acid content is unknown. These differences in muscle proteolysis by dietary vitamin E enrichment might in part explain the controversial effects of dietary vitamin E supplementation on drip loss reported in many studies in the literature. However, numerous other factors that could affect the calpain system must be taken into consideration, and further research is required to confirm these effects.
Myofibril Fragmentation Index (MFI)
In order to confirm the effect of Se on meat proteolysis, the myofibrillar fragmentation index (MFI) was measured ( In conclusion, dietary selenium source at 0.2 or 0.4 mg/kg administered for 26 days did not modify MDA production, GSSH concentration or colour parameters of meat. However, organic Se effectively increased WHC and post-mortem muscle proteolytic activity. The administration of 0.2 mg/kg SS plus 100 mg VITE/kg was the most efficient treatment for stabilising colour, reducing MDA and GSSH production and decreasing myofibrillar protein hydrolysis/oxidation; however, this dietary supplementation was not as effective as organic Se administration in improving WHC. This result would confirm the relation between muscle proteolysis and WHC.
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